One contribution of 17 to a Theo Murphy meeting issue 'Antarctic subglacial lake exploration: first results and future plans' .
St. Petersburg, Russia
The reconstruction of the geological (tectonic) structure and environments of subglacial Lake Vostok is based on geophysical surveys and the study of mineral particles found in cores of accreted ice and frozen lake water (sampled after the lake was unsealed). Seismic reflection and refraction investigations conducted in the southern part of Lake Vostok show very thin (200-300 m) sedimentary cover overlying a crystalline basement. Most of this thin veneer is thought to have been deposited during temperate-glacial conditions in Oligocene to Middle Miocene time (ca 34-14 Ma). The composition of the lake-bottom sediments can be deduced from mineral inclusions found in cores of accreted ice. Inclusions are represented by soft aggregates consisting mainly of clay-mica minerals and micrometre-sized quartz grains. Some of these inclusions contain subangular to semi-rounded rock clasts (siltstones and sandstones) ranging from 0.3 to 8 mm in size. In total, 31 zircon grains have been identified in two rock clasts and dated using SHRIMP-II. The ages of the studied zircons range from 0.6 to 2.0 Ga with two distinct clusters between 0.8 and 1.15 Ga and between 1.6 and 1.8 Ga. Rock clasts obviously came from the western lake shore, which is thus composed of terrigenous strata with
Introduction
Lake Vostok is located beneath a 3500-4000 m thick ice sheet covering the East Antarctic interior and more than 1000 km inland from the coast. The first evidence for the existence of water under the ice sheet in this place (with an area of about 10 000 km 2 ) was obtained during radio-echo sounding (RES) studies carried out jointly by the Scott Polar Research Institute (UK), the National Science Foundation (USA) and the Technical University of Denmark in 1974/1975 [1] , which discovered strong lengthy reflectors interpreted as the ice/water interface, although at that time this finding was not referred to a large subglacial lake. It was nearly 20 years later when accurate ERS-1 altimetry outlined a very flat region of ice surface there, which denoted a huge water body beneath the ice [2] .
Kapitsa et al. [3] analysed seismic data acquired in the area of Vostok Station in 1964 and estimated a water thickness of more than 500 m. Based on the dimensions of the lake derived from ERS-1 satellite data and the measured depth to the lake floor, they compared it with Lake Baikal and suggested its rift-related origin. The lake was named Vostok because the Russian Antarctic station, Vostok, was situated in its southernmost part. It is noteworthy that geophysical data indicating an unusual crustal structure were first obtained in the early 1960s during Soviet transcontinental over-snow transects, when gravity values measured at several tens of points within this area revealed high-amplitude negative free-air anomalies of up to −110 mGal [4] . These data, however, have not been adequately modelled and interpreted.
Geophysical investigations carried out in the area of Lake Vostok contributed significantly to the understanding of its crustal structure and origin. Between 1996 and 2008 the Polar Marine Geosurvey Expedition (PMGE) acquired 318 seismic reflection soundings in the southern part of the lake and about 5200 km of over-snow RES profiles [5, 6] , while more than 20 000 km of airborne magnetic, gravity and RES data with 7.5 km line spacing were collected by the US National Science Foundation's Support Office for Aerogeophysical Research (SOAR) during the 2000-2001 season [7] .
Available geophysical data suggest that Lake Vostok occupies an extensive generally northsouth-trending bedrock depression about 250 km long and 50-80 km wide, having a characteristic slightly bent (knee-shaped) configuration (figure 1) [3, 5] . The RES studies show that the eastern shore of Lake Vostok is almost a linear feature while the western one has numerous bays, isolated islands and depressions [7] . The western flank of the lake has a steeper average gradient (300-400 m km −1 ) in comparison to the eastern one (200-300 m km −1 ).
Seismic reflection data gave valuable information about the bathymetry of Lake Vostok [6] . For this work, a conventional shot-point/geophone system was used. Signals were recorded by 600 and 1200 m long, 24-channel linear arrays with 25 and 50 m intervals between geophones. The offsets averaged 3.5-4.0 km and reached a maximum of 11 km. The overall weight of explosives (detonating cord) in a single shot-point ranged from 2.5 to 5 kg. Seismic data reliably recorded the ice bottom and lake-floor surface. According to these data, the bottom of the lake averages about 1000 m below sea level and about 1500 m relative to its flanks. It is characterized by uneven topography, with depth differences along cross-sections between 200 and 400 m. Two deeper basins with maximum depths of 1500 and 1200 m below sea level are recognized in the southern (figure 1) and northern parts of the lake, respectively [6] . Lake Vostok is surrounded by bedrock upland (200-500 m high) from the east and by highland (known and Vostok Subglacial Highlands; 500-1000 m high) from the west [7] . The structure of southern Lake Vostok. (a) Bedrock topography with depths below sea level (in metres) and ice grounding line (thick black contour) of the southern part of Lake Vostok (modified from [6] ). Dotted white line is the position of the section. Two seismic refraction profiles are shown by thick dark grey lines. Inset: Lake Vostok with the boxed southern part. (b) Section of the ice sheet, water layer and bedrock of Lake Vostok along the ice flow line based on RES and seismic data acquired during Russian Antarctic expeditions. The upper part of the 260 m thick accreted ice is represented by 81 m thick debris-laden layer (darker grey colouring). Drill hole 5G with branching boreholes 5G1, 5G2 and 5G3 are also shown.
The first tectonic models of the Lake Vostok region were proposed after acquisition of regular geophysical data at the turn of the century [7] [8] [9] [10] . On the basis of the bedrock topography of East Antarctica and seismic reflection data, Leitchenkov et al. [8] [9] [10] tentatively interpreted the lake depression as an extensionally induced graben, which was a part of the spacious Late Mesozoic rift system that extended from Prydz Bay along the Lambert Glacier towards the Antarctic interior at the eastern foot of the Gamburtsev Mountains. The length and spatial pattern of this system was compared with the younger East African Rift System comprising the large rift-related lakes Tanganyika, Malavi and Albert.
Studinger et al. [11] , based on the modelling of gravity data, inferred that the formation of Lake Vostok was a result of minor extensional reactivation of the thrust fault within an ancient (Precambrian) continental collision zone. However, they did not come to any conclusions about the reason for and age of this reactivation. Later, Siegert [12] , not denying the tectonic origin of the lake depression, assumed that it could have been additionally deepened by glacial erosion at an early stage of ice sheet development.
Ferraccioli et al. [13] combined geophysical data from central East Antarctica and interpreted them together with new airborne geophysical data collected in the area of the Gamburtsev Mountains during the International Polar Year Antarctica's Gamburtsev Province (AGAP) project. One result of this study was the identification of a vast bifurcated Late Palaeozoic to Mesozoic rift system in East Antarctica comprising Lake Vostok and some other subglacial lakes. This inference confirmed the idea previously suggested by Leitchenkov et al. [8, 10] .
In 1990, a Russian scientific team started to drill the 5G deep ice borehole at Vostok Station (the fifth borehole at Vostok Station; 'G' means 'deep'). In 2012, the team unsealed Lake Vostok. Ice core sampling showed that the lower part of the ice sheet beneath the Vostok Station, between 3537 and 3769 m, represented a chemically and physically distinct ice layer derived from the accretion of lake water [14] . The upper 81 m of this layer contains rare, 0.01-2 mm in size (occasionally bigger) solid inclusions, which look like dark, brownish, formless clots (aggregates) and consist mostly of fine-grained sedimentary matter [14, 15] [16, 17] . The ice interval between 3607 and 3608 m is most abundant, with large (up to 1.5 cm across) clots, and they include millimetre-sized mineral/rock clasts [15] . Below 3618 m, the accreted ice does not contain any visible sediment inclusions.
RES and seismic reflection data [6, 7] as well as ice sheet dynamics [18] suggest that the ice recovered at Vostok Station flowed from the southwestern lake shore across the shallow water to the deep water (figure 1). Mineral grains were entrapped on the shallow part of the lake by frozen water (ice accretion) either from suspension driven by water convection [16] or directly from the lake floor when the ice sheet was grounded (the latter was definitely responsible for incorporating relatively large rock clasts). After that, mineral grains were coagulated into aggregates due to progressive water freezing.
In early February 2012, the borehole at Vostok Station reached the lake surface. The water rose a few hundred metres into the borehole and then froze. Owing to breakdowns in 1991 and 2007, and repeated drilling in 2013 after a blockage of the borehole by frozen lake water, in total, four branching boreholes have been drilled in the lower part of the ice sheet: 5G (0-2503 m), 5G-1 (2232-3666 m), 5G-2 (3600-3769 m) and 5G-3 (3424-3769). Three of them sampled the layer between 3607 and 3608 m, which is loaded with the biggest mineral inclusions.
In this paper, we consider the data derived from recent refraction seismic experiments and the analysis of mineral inclusions (both in the accreted ice and in frozen lake water), which are most important for understanding the geology, tectonics and environments of subglacial Lake Vostok.
Seismic refraction data
Over four Antarctic seasons from 2009 to 2013, the PMGE conducted refraction seismic experiments in the area of Lake Vostok. Two reversed profiles (67 and 58 km long) were collected in the southern part of the lake along its axis (with start and end points at Vostok Station) and two profiles (35 and 60 km long) were collected on the western lake shore (figure 1). Studies of the southern Lake Vostok were underpinned by a presumption about the rift origin of the lake depression. Pre-Cenozoic development of this structure (as suggested by Leitchenkov et al. [8, 10] and Ferraccioli et al. [13] ) requires a thick sedimentary infill, as in other intracontinental rifts [19] . Following this, the main target of seismic observations was the identification of a syn-rift sedimentary unit and/or pre-rift basement surface and, in the best case, intracrustal boundaries. The assumption that Vostok Subglacial Highlands are underlain by a non-magnetic and low-density layer [11] defined the reasoning for the seismic study on the western shore of Lake Vostok.
Seismic investigations during all seasons followed a similar methodology. The shot-points were fixed on each line while observation points moved along the line with 1 km interval for the over-lake lines and with 1 and 2 km interval for the over-shore direct and reverse lines, respectively (figure 2). Seismic signals were recorded by six portable four-channel seismic stations equipped with one Z-component and one three-component geophones (they were arrayed simultaneously with 1 or 2 km interval for separate explosions, providing 6 or 12 km of seismic records).
For generation of acoustic waves, different systems of shot-point arrangement were used. On the lake, TNT blasting cartridges were arranged on the snow surface coaxially with profiles along one or two parallel 100 m long primacords. The total amount of explosives ranged between 25 and 500 kg depending on offsets. On the lake shore, cumulatively charges (TNT cartridges) of similar weights were allocated in snow pits.
Derived seismic records in both areas are very informative (especially first P-wave arrivals, which are used for refracted wave modelling) and useful signals can be recovered even from noisy geophones (figure 2). Forward and reverse refracted and reflected waves (figure 2a(i),(ii)) and combined time-distance plots (figure 2a(iii)) suggest quite simple models taking into account the well-defined information about the velocity/thickness parameters of the ice sheet and water layer in Lake Vostok. Over-lake reversed lines show first arrivals of refracted waves from the layer with apparent velocities of 6.0-6.2 km s −1 , which can be obviously considered as true velocities. Intercept times, conjunction of refracted and reflected waves at critical distances and ray-tracing modelling show that the surface of the high-velocity layer coincides with the lake bottom (figure 2a). We do not exclude the presence of either an undetectable low-velocity (less than 3.8 km s −1 ) bed or a medium-velocity (between 3.8 and 6.2 km s −1 ) bed forming poorly recorded refracted waves in second arrivals, but in any case it has to be thin enough.
Seismic reflection studies showed well-identified reflectors from the lake floor and a few reflectors below forming the stratified layer. The maximum thickness of the stratified layers in the southern part of Lake Vostok was estimated to range from tens of metres to 200 m [5, 20] , but it was noted that some reflections (especially those which resembled acoustic basement) could be interpreted as side signals (secondary reflections) from relatively steep morphological features at the lake floor [20, 21] .
Over-shore reversed lines show refracted waves from the layer with velocities of 5.4-5.5 km s −1 (figure 2b(i)-(iii)). RES data collected along the seismic refraction transect clearly show that the ice sheet is underlain by bedrock, and simple calculations of travel time diagrams, as well as ray-tracing modelling, obviously indicate that derived velocities correspond to subglacial medium. A reversed line with longer observation system contains one more branch of refracted waves indicating an apparent velocity of 6.2 km s −1 from the surface of a deeper layer (figure 2b(ii)-(iv)).
Study of mineral inclusions in cores of accreted ice
Almost all mineral inclusions are represented by soft aggregates. For analytical studies, they were extracted from the ice cores by melting. Afterwards, fine-grained matter was dried out to make special preparations. The studies were conducted using a variety of state-of-the-art equipment including optical (binocular and polarized light) microscopes, scanning electron microscope (SEM, CamScan MX 2500S), X-ray microanalyser (Link Pentafet, Oxford Instruments), X-ray diffractometer (DRON-2) and secondary ion mass spectrometer (SHRIMP-II).
In
showed that they consist predominantly of clay minerals (less than 0.5 µm in size; 30-60% of the total mineral content), quartz of subangular to angular shapes (ranging mainly between 10 and 40 µm but amounting to 100 µm in size; 30-60% of the total mineral content) and micas (up to 25 µm in size; only muscovite was reliably identified). A variety of accessory minerals (less than 2% of total mineral composition) were also identified. Among them were rutile, ilmenite, apatite, monazite, zircon, hornblende, feldspar, garnet, aragonite and some other minerals, generally from 5 to 40 µm in size (acicular aragonite from 3549 m was as long as 1 mm). X-ray diffractometry of the aggregate from 3607 m ascertained that the clay minerals present are illite and chlorite (clinochlore and chamosite).
The inclusion from 3559 m contained small (5-10 µm) sulfide minerals-molybdenite, sphalerite, pyrite [15] . A larger (about 300 µm across) pyrite grain was also found in the aggregate from 3550 m. Sulfide mineralization provides evidence for hydrothermal activity in Lake Vostok, in addition to some other arguments [22, 23] .
Some inclusions contained relatively large (hundreds of micrometres to a few millimetres across), solid, subangular to semi-rounded clasts ( figure 3 ). Almost all of them were found in the accreted ice interval between 3607 and 3608 m, which was richest with inclusions, although one clast (about 1 mm across) was revealed in the ice core from 3582 m. The biggest, gravel-sized clast of 8 mm long was extracted from the 3607 m depth ice core of borehole 5G-3. All the rock clasts were studied for petrography using a SEM CamScan MX 2500 equipped with an X-ray microanalyser, but the larger clast was also examined under an optical petrographic microscope in an ordinary thin section. These analyses showed that the clasts were predominantly represented by quartzose siltstones and sandstones (figure 3), but clasts were also found (1-2 mm across) consisting almost completely of apatite and feldspar.
A very important result of this study was the identification of detrital zircon and monazite grains in the mineral composition of rock clasts, because they carry information about the age of provenance. Grains more than 5 µm in size were selected for dating with SHRIMP-II. In total, 21 grains of zircon and five grains of monazite have been identified in the sandstone from 3607 m [15] and eight zircon grains in the siltstone from 3608 m. The ages of the studied zircons range between 0.6 and 2.0 Ga, with two distinct clusters between 0.8 and 1.15 Ga and between 1.6 and 1.8 Ga (figure 4).
Study of microparticles in cores of frozen water
After Lake Vostok was unsealed at a borehole depth of 3769.3 m, the lake water rose a few hundred metres into the borehole and froze. The deepest ice core of the accreted ice (3768.4-3769.3 m) retrieved from the well was covered with a brownish-reddish film-like deposit, which formed as a result of lake water penetration between the core barrel and the ice core surface (figure 5a). Visual and optical examination showed that this deposit consisted of microparticles varying from micrometres to a few hundred micrometres across. It was suggested that most of the microparticles were oxides from the core barrel, but some of them could have come from the lake water, if it had contained suspended matter just below the ice bottom (i.e. they could have a mineral origin and frozen on the core surface). This was the reason for carrying out an accurate analysis of surficial material. In order to analyse microparticles, they were scraped off the ice core surface together with ice chips. This material was placed into a sterile 15 ml Eppendorf tube where the ice chips melted. All operations were performed in clean rooms to avoid contamination. Microparticles were studied in the All-Russian Geological Institute (VSEGEI) using an SEM (CamScan MX 2500S) with X-ray microanalyser (Link Pentafet, Oxford Instruments). Material in the tube was put on a watch glass and then water was evaporated under an infrared lamp. The dried residuum was placed on a conductive carbon mount and sputtered with gold for electron microscopy. The elemental compositions of more than 100 particles were determined. It was established that most of the particles (more than 90%) are ferrous oxides (figure 5b), often with an impurity of nickel, copper and zinc, i.e. of elements that correspond to the composition of the core barrel. Other particles were aluminosilicates (three particles of feldspars and clay-mica minerals: 40 × 40 µm, 70 × 50 µm, 30 × 15 µm in two-dimensional SEM images) and pyroxene (80 × 40 µm; figure 5b ). Three particles of 40, 60 and 100 µm length had corundum-like spectra (by aluminium and oxygen ratio) and one particle of 30 µm length had ilmenite-like spectra (by iron, titanium and oxygen ratio; figure 5b). However, their natural origin is under question, because aluminium and titanium also occur in the drilling bit and the cable armour.
The detected compositions of particles from the ice core surface deposit clearly show that most are of technogenic origin and associated with metal oxidation after the lake water made contact with the drill bit. The oxidation progressed quite rapidly-no more than 2 h (time of drilling bit retrieving) or less if the oxidation stopped or slowed down significantly after the drill bit left the 340 m high water column in the borehole and came into contact with the drilling fluid (kerosene) about 17 min after the lake was unsealed.
A few microparticles with a silicate composition obviously represent mineral grains. The most likely source of these grains was the lake water, although contamination cannot be completely excluded. Contamination could potentially come from the drilling fluid and/or the borehole walls in the debris-laden ice layer (3537-3618 m). Examination of accreted ice cores suggests negligible amount of inclusions outcropping in the walls that could be eroded by lake water flux with subsequent importation of mineral grains from suspension into the rising core barrel. In order to test other possibilities for contamination, we analysed 50 mg of drilling fluid sampled from the 3415 m depth and filtered using an ash-free filter. An SEM study showed that the drilling fluid contained microparticles, but all identified were metal (Fe, Zn, Ni, Cu) oxides.
In the 2013 season, 30 m of the frozen lake water was sampled by drilling. Unfortunately, the rising water was heavily polluted with kerosene, which came from the abandoned (blind) 5G-1 borehole (figure 1). This fact severely restricted the study of biomarkers and primary water composition but was not restrictive for the recognition of the mineral fraction carried with the lake water. We did not expect to find particles larger than 10−20 µm because they had to settle from upper levels of water (at least below 30 m) before the water froze (i.e. in 22-24 h).
Two ice cores of frozen water from 3429 m (40 cm long) and 3448 m (30 cm long) were analysed in an attempt to detect mineral microparticles. Both samples were treated in clean rooms; they were superficially decontaminated (to exclude post-drilling pollution), melted and filtered. The filter cakes were used as specimens for SEM studies. The specimen prepared from the 3429 m ice core was analysed in the Laboratory of Electronic Microscopy, Université J. Fourier (LEM UJF, Grenoble, France) using the Zeiss Ultra 55 and X-ray microanalyser Bruker 127 eV, while another core was studied in VSEGEI with aforesaid equipment.
More than 50 mineral microparticles were identified in filter cakes by both laboratories and all of them (approximately in equal parts) were represented by formless (amorphous) silica (figure 5c) and calcium carbonate ( figure 5d-f ) . The latter generally forms spherical grains (nodules) up to 40 µm across (figure 5e,f ), although fragmental (angular) grains were observed as well. One grain of calcium carbonate showed a rhombohedral habit with faces up to 10 µm long (figure 5d). Particles of oxides were also recognized and the low-amplitude spectra of metals (Fe, Ni, Cu, Zn) often complicated the overall X-ray spectra.
Subglacial geology and environments: interpretation and conclusion
East Antarctica is almost completely covered by an ice sheet up to 4 km thick. Its geological and tectonic structure is mostly deciphered from rare coastal outcrops, detrital material collected on land and offshore (e.g. erratics, zircons in sedimentary strata) and geophysical data. Exposed areas indicate the predominant occurrence of metamorphic rocks, which include Archaean to Palaeoproterozoic cratonic nuclei ranging in age from 3.9 to 1.6 Ga and MesoproterozoicNeoproterozoic mobile belts showing two distinct age peaks at 1200-1000 Ma and 570-520 Ma T r a n s a n t a r c ti c M o u nt ai ns (figure 6) [24, 25] . Large ancient cratons are thought to be located in East Antarctic regions between the southern Prince Charles Mountains and the southern Gamburtsev (Ruker Craton [13] ) and within the Wilkes Subglacial Basin (Mawson Craton [24] ). Low-grade metamorphic and unmetamorphosed sedimentary rocks of Proterozoic and Palaeozoic to Early Mesozoic age are also locally outcropped and are interpreted as platform and rift basins (figure 6) [25] .
(a) Geology of Vostok Subglacial Highlands
The results of seismic and analytical (mineralogical/petrographic/isotopic) studies give us new information about the sub-ice geology of the Antarctic interior. Mineral inclusions found in the accreted ice correspond to the composition of bottom sediments deposited within the shallow bay of southern Lake Vostok (figure 1). The bottom sediments are in turn predominantly the products of ice (or subglacial water) erosion of the bedrock upstream of southern Lake Vostok (figure 1).
Rock clasts found in the accreted ice and identified as consolidated unmetamorphosed sandstones and siltstones suggest sedimentary genesis of the western lake-shore bedrock or, in broader context, of the Vostok Subglacial Highlands. This inference is confirmed by modelling of airborne gravity and magnetic data showing a thick non-magnetic and low-density layer there [11] . Zircon grains dated in these clasts indicate the youngest ages of 600 Ma and hence original strata (provenance for lake-bottom sediments) are not older than this. Post-600 Ma terrigenous unmetamorphosed sedimentary rocks known in East Antarctica and generally resembling studied rock clasts range from the Neoproterozoic to Early Mesozoic in age (figure 6) [25] but high (5.4-5.5 km s −1 ) values of P-wave velocities for the western lake-shore bedrock are rather typical for older (in our case Late Neoproterozoic) assemblages [26] . Proterozoic basins showing similar velocities for clastic deposits are widespread in Australia (e.g. Officer Basin, Amadeus Basin [27] ) and these can serve as a close analogue for the study region.
Age determinations of detrital zircon and monazite grains allow the deciphering of their provenances. Poor to moderate roundness of zircon grains in rock clasts indicates that the source was not very distant, but information about palaeoflow directions in the Late Neoproterozoic is actually absent, so it is difficult to predict the position of source regions. Detrital zircons/monazites of the two 1.6-1.8 Ga and 0.8-1.15 Ga age clusters were obviously from different provenances. The 1.6-1.8 Ga old grains came from ancient cratonic terrains. Intrusive rocks with similar ages were mapped at the coastal area of Terre Adelie and George V Land and were considered as a part of the Mawson Craton, which is thought to spread southwards (figure 6) [24] . Outcropped areas of the Ruker Craton in the southern Prince Charles Mountains contain older rocks [25] but the existence of Late Palaeoproterozoic complexes cannot be excluded under the ice of the Antarctic interior.
The age cluster of 0.8-1.15 Ga corresponds to the Mesoproterozoic-Neoproterozoic mobile belt, which is well documented in coastal outcrops of East Antarctica [24, 25] . The most probable provenance for the appropriate detrital zircons/monazites is the Gamburtsev Mountains region, which can be interpreted as an orogenic province originating during the amalgamation of the Mawson and Ruker Cratons.
(b) Geology of the Lake Vostok depression
The insignificant thickness of sediments underlain by crystalline basement refutes the idea that the Lake Vostok depression represents a Mesozoic rift, as suggested by Leitchenkov et al. [8] and Ferraccioli et al. [13] . In this case, it should be filled with much thicker syn-rift mediumvelocity deposits as, for instance, in the Late Palaeozoic-Mesozoic Lambert rift graben, where sediments are more than 5 km thick [28] , or in post-Eocene East African rifts, with deposits ranging between 3 and 5 km [29] . The thin veneer of sediments in Lake Vostok suggests that the depression (sediment accommodation space) has a substantially younger age, shifting it towards glacial times.
From the Early Oligocene to the Middle Miocene (34-13 Ma), the ice sheet was wet-based and fluctuated considerably in volume. The Lake Vostok area was already covered with an ice sheet in the Early Oligocene and probably in all subsequent times [30] but deposition had to be active especially during interglacials. After the Middle Miocene, the East Antarctic Ice Sheet became dry-based and a more stable feature, showing substantially reduced bedrock erosion in central Antarctica [31] .
At present, deposition in southern Lake Vostok is absent due to water freezing onto the ice base. Similar conditions probably occurred at least during the last 3 Ma when the ice sheet above Lake Vostok changed insignificantly [32] . Even in the case of subglacial melting during interglacials, sedimentation was negligible, since the basal atmospheric ice is essentially debris-free (particles there range in size between 3 and 30 µm [33] ).
It can also be inferred that after the Middle Miocene the rate of deposition in Lake Vostok was extremely low, with a possible slightly enhanced debris release in Lake Vostok during climate optimums of the early Late Miocene and Early Pliocene. Thus, it seems likely that most of the sedimentary cover in southern Lake Vostok has been deposited during warming periods of the Early to Middle Miocene, when subglacial conditions of the wet-based ice sheets promoted higher rates of bedrock erosion and sedimentation in the Lake Vostok depression.
The syn-glacial age of the Lake Vostok depression raises a question about the origin of this prominent bedrock (crustal) feature. Lake morphology is indicative of its tectonic nature [3, 10, 13] but the geodynamic regime that resulted in the formation of the deep graben-like depression remains unclear, because no evidence of tectonic activity is known in the Late Cenozoic. Lake Vostok may mark the suture zone between the ancient Archaean-Palaeoproterozoic Mawson Craton and Proterozoic mobile belt, which was reactivated in Late Cenozoic. A mechanism for this reactivation was suggested, for instance, by Cianfarra & Salvini [34] , who inferred that the Lake Vostok depression, as well as the Concordia and Aurora Trenches, were formed as a result of the east-west intraplate strike-slip deformation in East Antarctica, caused by coaxial shearing in the easternmost Indian Ocean during the Late Cenozoic East Gondwana break-up. Alternatively, tectonic activity could have been stimulated by crustal loading and unloading during ice volume fluctuations, although this mechanism has been poorly studied.
(c) Lake Vostok water environments Mineral particles identified in cores of frozen water provide information about some limnological parameters of Lake Vostok. The relatively large pyroxene grain (80 × 40 µm) may indicate that the lake water contains a suspended load of up to silt size fraction. Modelling of the vertical component of water flow at a depth of 120 m below the ice bottom shows a velocity of less than 0.1 mm s −1 [35] . Upwelling at this velocity supports isometric particles in suspension with a maximum radius of 10−16 µm [35] , i.e. much smaller than identified pyroxene (large clay-mica minerals also identified in the frozen water are not relevant in this consideration because of their two-dimensional shape). The pyroxene grain derived from the sub-ice water layer suggests that water circulation is more vigorous there than in the modelled deeper layer. This can indicate either more complex conditions in the southern part of lake (not included in the modelling) or different water circulation at two water levels.
Small mineral particles of calcium carbonate are thought to be authigenic in nature (i.e. formed in Lake Vostok) as evidenced by the crystal habit of one of the identified grains and by many spherical grains. The rhombohedral appearance of the crystal (figure 5d) corresponds to calcite, which is the thermodynamically stable polymorph of CaCO 3 . It is formed in solution or via the dissolution of precursors (e.g. carbonate deposits). An enlarged image of the spherical grains shows less than micrometre crystals of a cube-shaped morphology, which compose a much larger entity (figure 5f ). The most probable mechanism of spherical grain growth is agglomeration of primary tiny particles driven by surface free energy. A similar agglomerate pattern is typical, for instance, for veterite, which is a rare mineral representing the least stable anhydrous polymorph of CaCO 3 [36] , but definite identification is not possible without specially targeted research.
A known mechanism resulting in spherical geometry of calcium carbonate grains is also microbially mediated mineralization (e.g. [37] ). Microbial activity in resident lake water is unlikely due to the high concentration of oxygen [38, 39] , but minerals could be formed in groundwater with appropriate conditions for bacterial life and then migrate to the lake.
Assuming a supply of calcium carbonate particles from the lake, we also cannot exclude the possibility that its crystallization and/or aggregation into spherulitic grains took place in the borehole after the lake was unsealed because of the sharp change in physical conditions and the mixing with kerosene. Whether this is true or not, the formation of calcium carbonate requires the parent water to be saturated with CaCO 3 .
